I
t has long been known that parts of the Antarctic Peninsula are warming rapidly 1 . Recently, it has been recognized that significant warming trends extend considerably south of the Peninsula to include much of continental West Antarctica 2,3 , comprised of Ellsworth Land (∼79
• W to 103
• W) and Marie Byrd Land (∼103
• W to 158 • W). West Antarctica is the key region for heat and moisture transport into Antarctica 4 , and the West Antarctic ice sheet has been losing mass in recent decades, primarily because of increased ice discharge through outlet glaciers that drain into the Amundsen Sea 5 . A change of regional climate over this region could have a substantial impact on the dynamics and mass balance of the Antarctic ice sheet, and consequently on global sea level.
Recent warming over the Antarctic Peninsula has been explained in part by a positive trend in the Southern Annular Mode (SAM), manifested as a strengthening of the circumpolar westerlies, and attributed to stratospheric ozone depletion and increasing greenhouse gases 6, 7 . The SAM does not readily account for warming in continental West Antarctica, however, because increased westerlies tend to cool, rather than warm, the Antarctic interior 8, 9 . Furthermore, the positive trend in the SAM is restricted to summer and autumn 7 , whereas West Antarctic warming has occurred predominantly in winter and spring 2, 10 . Attention has also been given to the role of the El Niño-Southern Oscillation (ENSO) in influencing Antarctic climate [11] [12] [13] [14] . There is no significant trend in the Southern Oscillation Index or other indices of the main ENSO region (that is, the eastern tropical Pacific), suggesting at most a weak contribution to the recent warming trend in West Antarctica. However, changes in the tropical Pacific that are not directly related to ENSO also influence the high latitude circulation [15] [16] [17] [18] . In particular, sea surface temperature (SST) anomalies under areas of strong tropical convection have a significant influence on atmospheric circulation in the Amundsen Sea region, through the generation of a large scale atmospheric wave train 18 . In this paper, we use both observations 2, 22 and raw weather station data in showing that the greatest warming in Antarctica since 1979 has occurred in austral winter (JJA; Fig. 1 ) and spring (SON) (Supplementary Fig. S1 ). Although the magnitude of warming varies among data sets, with NCEP2 being the outlier (see Methods), all data sets show that winter and spring warming is concentrated in the Marie Byrd Land sector of West Antarctica. Although there is also winter and spring warming on the western Antarctic Peninsula, the widespread warming there occurs in autumn (MAM; Supplementary Fig. S1 ). Thus, the continental West Antarctic warming is distinct in seasonal character from the Antarctic Peninsula warming.
Warming in West Antarctica is observed both at the surface 2, 3 and throughout the troposphere 10 . Wintertime geopotential heights in the upper troposphere (Z200) have increased almost everywhere in the SH since 1979, with the greatest increases occurring over West Antarctica (Fig. 1) . A similar change is observed in the middle troposphere and at the surface in winter (Fig. 1) , as well as in spring ( Supplementary Fig. S2 ).
Covariance of SH circulation and tropical SST
The observed increase in geopotential heights over West Antarctica is associated with changes in SST and related deep convection over parts of the tropical Pacific. SH Z200 structures. For the two fields analysed here, the tropical SST mode can be physically interpreted as the forcing, and the Z200 mode as the response 25 . Leading pairs of MCA patterns thus indicate those patterns of tropical SST anomalies that most strongly influence the SH extratropical circulation.
In winter, the first MCA mode (JJA mode 1) explains about 41% of the total covariance (Fig. 2) . The SST pattern resembles the characteristic ENSO signature with positive SST anomalies centred over the eastern equatorial Pacific and negative SST anomalies over most of the remainder of the tropics. The corresponding Z200 pattern is dominated by a wave structure in the SH mid-latitudes and East Antarctica, with little change over West Antarctica.
The second wintertime MCA mode (JJA mode 2) explains 31% of the covariance. In contrast with the first mode, the strongest signal in the SST pattern is a warming in the central tropical Pacific and the South Pacific convergence zone (SPCZ), with the corresponding Z200 pattern displaying a prominent poleward-arching wave train; as for mode 1, the associated time series of these patterns are highly correlated (r = 0.82). The most southern cell of the wave train is an anomalous high over West Antarctica and the surrounding ocean. This wave train exhibits an approximately equivalent barotropic structure in the extratropics, and a phase reversal between upper troposphere and surface over the tropical central Pacific. This is indicative of a classic stationary Rossby wave response to tropical SST forcing 26, 27 . The large amplitude of circulation over West Antarctica agrees well with theoretical understanding of tropically forced stationary Rossby waves, namely, a poleward increase in the amplitude of geopotential height anomalies 28 . Also important, the JJA mode 2 wave train pattern closely resembles the pattern of the wintertime Z200 trend in the SH (spatial correlation = 0.7) and the trend in the time series of mode 2 indicates that this pattern captures the primary long-term change of SH Z200 over the past 30 years.
The JJA mode 2 time series are highly correlated with surface temperature changes in West Antarctica (Fig. 3) , with the greatest covariance in the Marie Byrd Land sector, where the observed long-term temperature trends are also the greatest in all data sets (Supplementary Fig. S1 ). The mode 2 time series are also significantly correlated with sea ice anomalies adjacent to West Antarctica. (The dipole-like sea ice anomaly pattern is also captured as the first principal component of Antarctic winter sea ice variability, which accounts for 26% of the total variance; this pattern has previously been linked to tropical Pacific forcing 29 .) The dynamics responsible for this relationship are clear: strong anticyclonic circulation anomalies over West Antarctica are associated with anomalous onshore wind to the west and offshore wind to the east, providing favourable conditions for the movement of sea ice toward the Amundsen Sea coast (decreasing sea ice concentration) and offshore (increasing sea ice concentration) movement in the Bellingshausen Sea.
An important aspect of these results is that the SST forcing that seems to explain the circulation and temperature trends in continental West Antarctica is not directly related to changes in the eastern tropical Pacific ENSO region. Although the mode 2 wave train pattern is comparable to the Pacific South America pattern that has been identified as the primary SH teleconnection associated with ENSO forcing 11 , it is not significantly correlated with ENSO indices. Similarly, the spatial patterns of correlations between tropical SSTs and SH Z200 demonstrate a much stronger teleconnection of the West Antarctic region with the tropical central Pacific than with the classic ENSO region (Fig. 2e,f) . Thus, whereas SST variability in both the central and eastern tropical Pacific drive extratropical circulation anomalies, it is the central Pacific SST anomalies that have the greatest influence on continental West Antarctic climate.
Model response to tropical SST forcing in austral winter
The empirical results are a strong indication that the observed JJA warming over West Antarctica in the past 30 years is primarily owing to the high latitude atmospheric circulation response to SST changes in the central tropical Pacific. To test this inferred causal relationship, we use the ECHAM4.6 atmospheric general circulation model 30 with specified SST anomalies as a boundary condition. We use the observed climatological seasonal SST cycle to obtain the model's mean climate, which constitutes our control run. We perform a second run by using the same climatological SSTs augmented by the SST pattern from JJA mode 2 in the central Pacific (that is, within the dashed box in Fig. 2b) , with an amplitude of +1 standard deviation applied from June 1 to August 31. These experiments were integrated 50 times with different atmospheric initial conditions, forming 50 independent realizations of the atmospheric response. The ensemble mean is used to assess the robust response of ECHAM4.6 to the specified anomalous SST forcing.
The JJA seasonal mean difference of the upper level height, sea level pressure and surface temperature between the forced and control run are shown in Fig. 4 . The model response depicts a prominent well-organized wave train pattern propagating from the tropical central Pacific to West Antarctica along a 'great circle' path. There is good agreement between this simulated wave train and its observed counterpart. Particularly noteworthy is the surface warming in Marie Byrd Land and the adjacent ocean caused by the anomalous anticyclonic cell over West Antarctica. This experiment provides support for our interpretation that the JJA SST forcing over the central tropical Pacific can explain the observed circulation and surface temperature response in West Antarctica. Additional model runs used to examine the SH circulation response to SST forcing over the Indian Ocean and ENSO forcing in the equatorial eastern Pacific similarly support our empirical results that circulation changes over continental West Antarctica are not strongly sensitive to SST anomalies in those regions (Supplementary Fig. S3 ).
The magnitude of the response to central Pacific SST forcing is in good agreement with the observed changes in both surface temperature and circulation over West Antarctica. Specifically, the magnitude of the SST anomalies used as forcing for the ECHAM4.6 atmospheric general circulation model is equivalent to 1 standard deviation of the JJA mode 2 SST time series (Fig. 2d) . The epochal difference (1994-2009 − 1979-1993) of the same times series is ∼1.3 standard deviations. The model response, scaled by a factor of 1.3, is thus directly comparable to the observed epochal differences shown in Fig. 1 . The scaled temperature response is ∼1.3
• C averaged over all of continental West Antarctica, and the observed temperature change over the same domain is similar at ∼0.9
• C for the AVHRR data and ∼1.5
• C for ECMWF; only NCEP2 data show a substantially different magnitude of change (∼3.7
• C). At Byrd Station (80
• S,120
• W) the model response is 1.4
• C, versus 1.1
• C in the observations. The sea level pressure response is ∼2 hPa, and the observed change is ∼1-3 hPa. Thus, the model both qualitatively and quantitatively reproduces the observed trends.
We also ran the ECHAM 4.6 model with a full 31 years (1979-2009) of observed SSTs changes in the central tropical Pacific (within box in Fig. 2b) , rather than the idealized one-standard-deviation anomaly described above, as boundary conditions. Climatological SSTs are used outside the central tropical Pacific. This produces very similar results, but with a spatial pattern of temperature response in Antarctica that is qualitatively in better agreement with observations ( Supplementary Fig. S4a ), including more widespread winter warming eastward toward the Antarctic Peninsula, as well as on the Peninsula itself. The mean winter response for continental West Antarctica is 1.4
• C (1994-2009 − 1979-1993) . In contrast, running the model using climatological SSTs in the central tropical Pacific, and observed 31-years SSTs everywhere else, produces both circulation patterns and temperature patterns in West Antarctica (Supplementary Fig. S4b ) that are strongly at odds with the observations. In particular, the mean response is much weaker (0.3
• C), cooling occurs in that area of West Antarctica where observed warming is strongest, and circulation anomalies are of opposite sign to those observed. These results further demonstrate the fundamental role played by tropical forcing in explaining recent West Antarctic temperature and circulation trends.
Observations and simulations in austral spring
Warming in West Antarctica in austral spring (SON) also seems to be linked with the central tropical Pacific, but with some important differences compared with winter. Analysis of Southern Hemisphere 200 hPa heights and tropical SST in spring, again using maximum covariance analysis, yields a pair of mode 2 patterns (Supplementary Fig. S5 ) that feature strong trends in tropical SST and SH circulation closely associated with surface temperatures in West Antarctica and sea ice variability in the adjacent ocean. As in winter, the mode 2 pattern in spring is similar to the observed trend in circulation. Thus, the dominant patterns of joint tropical SST and high latitude circulation, identified empirically, account for the observed spring warming in West Antarctica in the independent surface temperature data. However, the SST anomalies for spring are centred in the SPCZ region, rather than along the equator.
Previous work has shown that SST anomalies in the SPCZ region do not tend to create Rossby wave trains 13 . We find that prescribing the SST pattern (SON mode 2) identified from maximum covariance analysis for spring under the ECHAM4.6 atmospheric model can reproduce the observed circulation patterns; a comparable result is obtained with a run using 31 years of observed SSTs. In both cases, however, the response is weaker than for winter, and is not statistically significant (Supplementary Fig. S6 ). Thus, although the spring warming trend in West Antarctica is clearly related to strong regional circulation anomalies that covary with tropical SSTs, these anomalies are not as definitively explained by tropical forcing in spring as they are in winter.
Long-term trends
Our analyses and modelling results show that recent West Antarctic warming trends in austral winter, and to a lesser extent in spring, are owing to regional circulation changes that are predominantly a response to warming trends in the central tropical Pacific Ocean. Although other influences on circulation, locally-driven changes in sea ice, and direct radiative effects (at least in spring) must play a role, longer-term warming trends in West Antarctica may similarly be dominated by the influence of tropical forcing. Historical data 31 show that JJA tropical SSTs have been characterized by a strong central Pacific warming over much of the 20th century ( Supplementary Fig. S7a ). We would thus expect West Antarctica to have warmed for the same period, as is found in reconstructed temperature fields since the 1950s (refs 2,3) and in proxy data from West Antarctic ice cores over the past century 17, 32 . Furthermore, strong JJA warming in the central tropical Pacific is a common characteristic of general circulation model responses to scenarios of future greenhouse gas radiative forcing (Supplementary Fig. S7b; refs 33,34) . Should the changes projected by these models over the next century be realized, the resulting atmospheric circulation changes will continue to strongly influence West Antarctic climate.
Methods
We use geopotential height and sea level pressure data from ECMWF, a combination of the ERA-40 (1979 ERA-40 ( -2002 and ERA-Interim (2003 ) reanalysis data 20 . The two data sets show no discontinuity in the overlapping period (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . NCEP2 reanalysis data 21 yields comparable results for circulation. Warming trends in NCEP2 are larger than in either ECMWF data or independent station and satellite data (though they are not statistically distinguishable). In general, both NCEP1 and NCEP2 products have been found to be less reliable in the Antarctic than ECMWF because of differences in data assimilation schemes 19, 35 . We use sea surface temperature and sea ice data from HADISST 36 and ERSSTv3 37 . For figures showing regression of atmospheric circulation patterns with Antarctic surface temperature, we use data derived from thermal infrared channels of the Advanced Very High Resolution Radiometer (AVHRR) satellite 2, 22 , which are entirely independent of the reanalysis data sets. For comparison, we also show surface and near-surface temperature data from NCEP2 and ECMWF, and from weather stations compiled by the Antarctic 'READER' project 38 . We use maximum covariance analysis (MCA; refs 23, 24) to capture the dominant coupled modes between Southern Hemisphere Z200 (equator to 87.5 • S) and tropical SST (20 • N to 20 • S). The MCA between the Z200 and SST field is achieved by singular value decomposition of the temporal covariance matrix, using equal area (square root of cosine of latitude) weighting. The pairs of singular vectors describe the spatial patterns of each field. The corresponding squared singular value represents the squared covariance fraction (SCF) and indicates the relative importance of that pair of vectors in relationship to the total covariance in the two fields. The expansion coefficients obtained by projecting the singular vectors onto the original data fields depicts the temporal variation of the spatial patterns.
